Mucin-type O-glycans are the primary constituents of mucins that are expressed on various mucosal sites of the body, especially the bacteria-laden intestinal tract. Mucins are the main components of mucus, which is secreted by goblet cells and forms a protective homeostatic barrier between the resident microbiota and the underlying immune cells in the colon. However, the specific role of mucin-type O-glycans in mucus barrier function has been uncertain. Recent studies utilizing mice deficient in key glycosyltransferases involved in O-glycan biosynthesis on intestinal mucins have underscored the importance of mucin-type O-glycosylation in mucus barrier function. This review will highlight recent advances in our understanding of mucintype O-glycan function in the mucus barrier and how they promote mutualism with our resident microbiota.
Introduction
Glycosylation is an essential mode of posttranslational modification of proteins. This is a complex process mediated by numerous and diverse enzymes, which catalyze the covalent addition of monosaccharides (called glycans) to specific amino acids found within target proteins (Spiro 2002) . O-linked glycosylation is a major form of glycosylation characterized by the covalent addition of glycans to the hydroxyl (-OH) group of serine and threonine residues, creating the O-linkage in the initiating glycosylation event (Brockhausen et al. 2009 ). While there are several glycans that can be O-linked to Ser/Thr residues, including mannose, xylose, N-acetylglucosamine (GlcNAc) and others, O-linked N-acetylgalactosamine (O-GalNAc) glycans are of special relevance to mucosal sites such as the airways, urogenital and gastrointestinal tracts. These mucosal tissues highly express mucins, which are rich in Ser/Thr residues that are primary targets for O-glycosylation with GalNAc, creating the foundation upon which long and more complex oligosaccharide chains are built. O-glycans extend out from the mucin protein core and are intimately associated with the external environment. As such, mounting evidence has demonstrated that mucin-type O-glycans are pivotal in determining whether host diseases will be averted or promoted, with particular regard to interactions with microorganisms present in the environment. In this review, we will focus on the role of mucin-type O-glycans in promoting mutualism with the commensal microbiota in the intestinal tract.
The intestinal mucus layer and mucins
The intestinal mucus layer The intestinal tract is unique among mucosal tissues, because it is heavily colonized by microorganisms, mostly bacteria, starting from birth. In the colon, bacterial density is the highest, reaching up to 1 × 10 12 /g of lumen content (Sartor 2008) . Recent work has established that the mucin-rich mucus layer acts as an essential barrier between the luminal microbiota and the underlying immune cells (Johansson et al. 2008) (Figure 1 ). While this layer is thin and discontinuous in the small intestine, it increases in thickness along the length of the colon . The colonic mucus layer exhibits structural complexity by containing two sub-layers: An inner layer, which is 50-100 μm thick and firmly attached to the epithelium, and an outer layer, which is up to 800 μm thick and derived from and loosely attached to the inner layer (Atuma et al. 2001; Johansson et al. 2008) . Intriguingly, these two layers mediate opposite interactions with the microbiota; whereas the outer layer is densely colonized by intestinal microbes, the inner layer is virtually devoid of bacteria, leaving a bacteria-free zone adjacent to the epithelia, thus demonstrating mucus as a critical mediator of host-bacteria interactions Swidsinski et al. 2007 ). The physiological importance of mucus layer has been suggested for many years by studies in human ulcerative colitis (UC) patients, which have reported several defects in its function. These include decreased mucus layer thickness and increased penetration of mucus barrier by bacteria (Swidsinski et al. 2007) , reduced synthesis and secretion of mucins (Tytgat et al. 1996) and altered O-glycosylation (Podolsky and Fournier 1988) . While these studies reveal a link between defects in the intestinal mucus and UC, whether they reflect a primary or secondary event in disease pathogenesis is unclear. However, murine models of inflammatory bowel disease (IBD) have reported a defect in mucin biosynthesis prior to disease development (Schwerbrock et al. 2004) . Mice deficient in Muc2, the principal mucin forming the intestinal mucus layers (Johansson et al. 2008 ) (discussed below), completely lack a colonic mucus layer and fail to restrict bacterial attachment to the mucosal tissues, which likely leads to the severe spontaneous colitis and colorectal cancer that these mice develop (Velcich et al. 2002; Van der Sluis et al. 2006) . These studies provide a solid foundation supporting the importance of mucin function in the intestinal tract.
Mucin family molecules
As alluded to above, the intestinal mucus is primarily composed of Mucin-2 (MUC2), a prominent member of the mucin family. Mucins represent a major group of high-molecular-weight O-linked glycoproteins, which are widely expressed in the body and play many essential roles in physiologic and pathologic settings (reviewed in Bafna et al. 2010; McGuckin et al. 2011 ). There are currently 20 known mucin genes in humans (Brockhausen et al. 2009 ), many of which are expressed in the gastrointestinal tract and can be broadly classified into three categories: secretory gel forming (MUC2, MUC5AC, MUC5B, MUC6), secretory nongel-forming (MUC7) and membranebound (e.g., MUC1, MUC3, MUC4, MUC12, MUC13, MUC17) (Lievin-Le Moal and Servin 2006). These categories reflect the diverse functions among different family members; however, what unifies them are the presence of large domains enriched with serine and threonine and also proline (called proline, threonine, serine-rich, or "PTS", domains). Backstrom et al. 2013) . In several MUC family members, especially gel-forming mucins, these Ser/Thr and Pro residues can be found in repeated sequences (Allen et al. 1998) . As a result, these regions are extensively modified by O-glycosylation to create a highly heterogeneous array of oligosaccharides that confer upon mucins their individual functions.
In the intestine, MUC2 is the major secretory gel-forming mucin (Johansson et al. 2008 ) and is constitutively expressed by specialized epithelial cells called goblet cells (van Klinken et al. 1999) . The biosynthesis of MUC2 is a complex, highly regulated process Backstrom et al. 2013) . Once the MUC2 apoprotein core ( 5200 amino acids in size) is translated, MUC2 monomers form dimers though intermolecular disulfide bridging occurring between cysteine-knot domains located near the C-terminus (Asker et al. 1998) . MUC2 dimers then traffic to the Golgi apparatus, where O-linked glycosylation takes place via the action of numerous glycosyltransferases (Axelsson et al. 2001; Backstrom et al. 2013 ).
Biosynthesis of mucin-type O-glycans
The first step in mucin-type O-glycosylation is the addition of N-acetylgalactosamine (GalNAc) from uridine diphospho (UDP)-GalNAc to Ser/Thr residues of the MUC2 PTS domains (Bennett et al. 2012 ). This reaction is catalyzed by a specific class of glycosyltransferases called polypeptidyl GalNAc transferases ( ppGalNAcTs), of which there are at least 20 members in humans (Bennett et al. 2012 ). This GalNAcα-Ser/Thr structure forms the Tn antigen, which is the substrate for glycosyltransferases that give rise to core 1 and core 3 structures from which most mucin-type O-glycans are ultimately derived (Brockhausen et al. 2009) (Figure 2 ). The biosynthesis of core 1 O-glycans is initiated by a single gene encoding the enzyme core 1 β1,3-galactosyltransferase (C1GalT1, or T-synthase), which transfers galactose (Gal) from UDP-Gal to GalNAcα-O-Ser/Thr via a β1 → 3 linkage to the C3 carbon, forming the core 1 structure Galβ1 → 3GalNAcα-O-Ser/Thr (also known as T-antigen) (Fu et al. 2011; . C1GalT1 is widely expressed in most tissues and cell types, including epithelial, endothelial and hematopoietic cells (Fu et al. 2011) . The function of C1GalT1 requires the endoplasmic reticulum (ER) chaperone known as Cosmc , which inhibits aggregation and promotes stability of newly translated C1GalT1 (Wang et al. 2010 ). The T-antigen forms the basis for core 1-derived O-glycans, which are the major O-glycans found on mouse Muc2 (Fu et al. 2011; Thomsson et al. 2012) .
Core 2 O-glycans are derived from core 1 O-glycans and are thus an important component of the MUC2 O-glycome (Figure 2 ). The biosynthesis of core 2 O-glycans is mediated by the core 2 β1 → 6 N-acetylglucosaminyltransferases (C2GnTs), which catalyze the transfer of GlcNAc from UDP-GlcNAc to the C6 carbon of the initial GalNAc of the core 1 structure, forming the core 2 structure GlcNAcβ1-6(Galβ1-3)GalNAcα-Ser/Thr (Bierhuizen and Fukuda 1992; Brockhausen et al. 2009 ). C2GnTs have four members: C2GnT1, C2GnT2, C2GnT3 and I β1,6-N-acetylglucosaminyltransferase (IGNT) (Brockhausen et al. 2009 ). C2GnT1 and 3 are expressed widely by both hematopoietic cells and nonhematopoietic cells including gut epithelial cells (Stone et al. 2010 ). C2GnT1 and 3 are also designated C2GnT-L (leukocyte-type) due to their role in adding Fig. 1 . The intestinal mucus layer and host-microbiota interactions. Periodic acid-Schiff staining of the murine colon revealing the stratified mucus layer creating the bacteria-free zone between the bacteria-laden intestinal lumen and the underlying tissue. The mucus layer is primarily composed of Muc2 (human, MUC2), the major secreted gel-forming mucin of the intestinal tract. Muc2 is synthesized by goblet cells and is secreted as a polymer into the intestinal lumen where it coats the epithelial surface. In the colon, this layer is critical to separating the dense luminal content, including bacteria, from the underlying epithelial and immune cells to limit unwanted stimulation of the mucosal immune system. As described in the text, the Muc2-mucus layer is composed primarily of O-glycans.
O-glycans in intestinal function
GlcNAcβ1-6 branches to mucin-like glycoproteins on high endothelial venules (HEV), building the sialyl Lewis x epitope that is recognized by lymphocyte selectins when homing to lymph nodes (Hemmerich et al. 1995; Schwientek et al. 2000) . In contrast, C2GnT2 is known as C2GnT-M (mucus type), since it is highly restricted to mucin-producing tissues such as the gastrointestinal tract and airways (Yeh et al. 1999; Stone et al. 2010) . Additionally, C2GnT2 can synthesize core 4 structures (the latter discussed below) as well as the branched I antigens (Yeh et al. 1999) . IGNT, also called I-branching enzyme, cannot form core 2 structures but like C2GnT2 can add GlcNAcβ1-6 branches to Gal residues in polylactosamine chains, creating branch points for these oligosaccharides (Magnet and Fukuda 1997) .
Unlike core 1 and 2 structures, core 3-derived O-glycans have a highly restricted expression pattern, as they are found primarily in the intestinal tract and the salivary glands Brockhausen 2007; Brockhausen et al. 2009 ). The biosynthesis of core 3-derived O-glycans is catalyzed by the enzyme core 3 β1,3 N-acetylglucosaminyltransferase (C3GnT), which uses UDP-GlcNAc to add GlcNAc to the Tn antigen, forming the core 3 structure GlcNAcβ1 → 3GalNAcα-Ser/Thr (Iwai et al. 2002; An et al. 2007) (Figure 2 ). As noted above, the core 3 structure also forms the substrate for C2GnT2, leading to the synthesis of branched core 4 structure GlcNAcβ1 → 3(GlcNAcβ1 → 6) GalNAcαSer/Thr. Interestingly, in humans, core 3-derived structures are the major O-glycans found on MUC2 (Robbe et al. 2004; Thomsson et al. 2012) .
O-glycans may also be modified by numerous additional glycosyltransferases and sulfotransferases that catalyze the addition of residues such as sulfate, sialic acid and fucose, creating biologically important structures (e.g., sialyl Lewis x or sulfosialyl Lewis x ) (Brockhausen et al. 2009 ). Mucin-type O-glycans extend out perpendicularly from the MUC2 protein core, giving the molecule its bottle brush-like appearance (Figure 2) . Collectively, O-glycans account for up to 80% of the total molecular mass of Muc2 . The monomeric fully glycosylated MUC2 is 2.5 MDa, but the polymerized form can be >100 MDa . Evidence strongly suggests that MUC2 polymerization occurs via the formation of N-terminal trimers of dimeric MUC2, leading to its enormous size (Godl et al. 2002; . Ultimately, polymeric MUC2 is released from the Golgi and packaged into secretory granules that are eventually released into the intestinal lumen to form the mucus layer. As noted above, mucus layer establishment is essential for intestinal homeostasis. However, the specific role of mucin-type O-glycans in mucus barrier function has remained enigmatic until recently. The following section will explore the most current advances in elucidating the contribution of mucin-type O-glycans to the intestinal barrier.
The roles of mucin-type O-glycans in intestinal barrier function The role of core 1-derived O-glycans in intestinal barrier function Core 1-derived O-glycans are the principal O-glycans expressed in most tissues (Byrd and Bresalier 2004) . To evaluate their role specifically in the intestinal epithelium, we recently generated mice conditionally lacking C1GalT1 specifically in intestinal epithelial cells (IEC C1galt1 −/− mice) (Fu et al. 2011) . We found that loss of C1GalT1 efficiently removed all core 1-derived O-glycans and exposed the Tn antigen only in IEC and secreted Muc2 (Fu et al. 2011) . Critically, we found that loss of core 1-derived O-glycans led to a rapid induction of severe spontaneous colitis by 2 weeks after birth, and the disease severity progressed over time (Fu et al. 2011) (Figure 3 ). Early infiltration of myeloid cells and formation of crypt abscesses especially in the distal colon and the rectum characterized the colitis, which bears a stark resemblance to the disease pattern observed in human UC (Fu et al. 2011) . To explore the mechanism, we found that loss of core 1-derived O-glycans severely impaired establishment of the mucus layer in the murine colon. The impaired mucus barrier was characterized by dramatic thinning of the inner mucus layer and breaches in its structure compared with wild-type (WT) mice (Fu et al. 2011) (Figure 3 ). These mucus defects were also closely correlated with defective barrier function of the mucosa and greater translocation of bacteria into mucosal tissues (Fu et al. 2011) . Recent studies have confirmed that the inner layer is more easily penetrated in IEC C1galt1 −/− mice (Johansson, Gustafsson et al. 2010; ). The colitis severity was dependent upon the microbiota, as depletion of commensal bacteria by treatment with broad-spectrum antibiotics ameliorated disease (Fu et al. 2011) . MUC2 is densely O-glycosylated within its PTS domains, giving the molecule its "bottle-brush" appearance. MUC2 O-glycosylation begins with the addition of GalNAc by the action of ppGalNAcTs, creating the Tn antigen. Tn antigen is modified by C1GalT1 via the help of the chaperone Cosmc to create the core 1 structure, or by C3GnT to create the core 3 structure, or else by ST6GalNAc (α2,6 sialytransferase) to form the sialyl Tn antigen. Core 1 and 3 structures can be extended to form the core 2 and 4 structures, respectively; however, sialyl Tn cannot be extended further. Moreover, each core structure can be further modified and/or terminated by fucosyltransferases, sulfotransferases or sialotransferases (not shown).
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Because disease in IEC C1galt1
−/− mice closely models human UC, we attempted to delineate the cellular mediators and possible innate pathways involved in disease, which are still unresolved questions in the current understanding of UC pathogenesis. Interestingly, we found that disease development was independent of T-and B-lymphocytes, as IEC C1galt1
mice on a Rag1-deficient background developed robust disease. However, disease severity did improve with age in these mice, showing that adaptive immunity is important for colitis progression (Fu et al. 2011) . While the disease was dependent upon bacteria, we found that it was independent of signaling by key innate pathways mediated by the pattern recognition receptor Toll-like receptor (TLR) 4 and the major TLR family adaptor protein MyD88, since IEC C1galt1 −/− mice deficient in either of these molecules still developed robust disease (Fu et al. 2011) . Therefore, the innate immune pathways mediating the bacterial-induced colitis in the absence of intestinal core 1-derived O-glycans are still undefined. Interestingly, although C1GalT1 was also deleted in the small intestine in IEC C1galt1 −/− mice, we have not observed any significant morphological changes or disease development in this region. This may likely be due to the more rapid transit and fewer levels of microbes that inhabit this region (Sartor 2008) as well as the increased production of antimicrobial genes by Paneth cells, which are normally only present in the small bowel (Ouellette 2010) .
Our data further demonstrated that a subset of UC patients exhibited positive Tn antigen staining in epithelial cells. Interestingly, in a limited sample study, somatic missense mutations in the Cosmc gene were found in Tn-positive epithelial cells (Fu et al. 2011 ). This pilot study suggests a role for defective core 1 O-glycosylation in UC development in a subpopulation of UC patients, although a more rigorous study with additional patient samples is required to validate the result and improve its statistical power. However, this hypothesis was supported using mice containing a tamoxifen (TM)-inducible deletion of epithelial C1GalT1 (TM-IEC C1galt1 −/− ), which phenotypically recapitulates the effect of somatic loss-of-function mutations in Cosmc by abolishing synthesis of core 1-derived O-glycans in adult mice (Fu et al. 2011) . TM-IEC C1galt1 −/− mice show a rapid decrease in mucus layer thickness and the bacteria-free zone and increased bacterial translocation, and develop bacterial-dependent spontaneous colitis 2 weeks after TM treatment (Fu et al. 2011) . Importantly, mucus depletion preceded the fulminate colitis development, supporting the etiological role for defective core 1 O-glycosylation and mucus barrier function in the onset of IBD. Indeed, similar defects in mucus layer function were recently demonstrated in human UC tissues (Johansson, Gustafsson et al. 2010) . However, the question remains exactly how O-glycans promote mucus barrier integrity and homeostasis with the gut microbiota.
The importance of core 1-derived O-glycans is further underscored with the study of mice lacking the core 2 O-glycans. It was recently demonstrated that C2GnT2 was highly expressed in the small bowel and colon of mice (Stone et al. 2009 ). C2GnT2 deficiency affected mucin biochemical composition by reducing levels of core 2 and 4 O-glycans, as well as I-branching as expected (Stone et al. 2009 ). Interestingly, while these mice were not reported to develop spontaneous disease, they did have a baseline defect in intestinal permeability as measured by the Fluorescein isothiocyanate (FITC)-dextran assay (Stone et al. 2009 ). In addition, C2GnT2 −/− mice were more susceptible to intestinal challenge using the cytotoxic agent dextran sodium sulfate (DSS), a common model to study acute colitis (Stone et al. 2009 ). Unfortunately, the impact of core 2/4 O-glycan deficiency on the mucus barrier and host-microbiota interactions was not addressed in this study (Stone et al. 2009 ). Further work is necessary to clarify the contribution of C2GnT2 to mucus quality and host-microbe homeostasis.
The role of core 3-derived O-glycans in promoting intestinal mucus barrier function Core 3-derived O-glycans are important components of human colonic mucin-type O-glycans (Robbe et al. 2004) . We addressed the role of core 3-derived O-glycans by first cloning murine C3GnT, which we showed bears 68% identity to human C3GnT . Like C1GalT1 for core 1 O-glycans, C3GnT in humans is the sole enzyme catalyzing the biosynthesis of core 3-derived O-glycans ). Similar to humans, gene expression analysis and LacZ reporter gene strategies identified that C3GnT expression was highly restricted to the colon and, to a lesser extent, the small intestine and the O-glycans in intestinal function salivary glands ). We then generated C3GnT −/− mice, which led to a compete ablation of all core 3-derived O-glycans on colonic mucins but a retention of core 1-and 2-derived O-glycans as analyzed by Matrix-assisted laser desorption-ionization time-of-flight mass spectrometry (MALDI-TOF MS) ). This has been confirmed in a recent study (Thomsson et al. 2012 ) and indicates that, like humans, murine C3GnT is likely the only enzyme responsible for synthesis of the core 3 structure in mice. Further characterization of C3GnT −/− mice revealed that loss of core 3-derived O-glycans led to a reduction in Muc2 protein expression in goblet cells and partial exposure of the Tn antigen compared with WT mice ). Although we did not observe any spontaneous disease, we found that loss of core 3-derived O-glycans led to a number of physiological defects, including increases in intestinal permeability and higher levels of colonic bacteria within the colonic mucosa . No differences were seen in the total levels of colonic bacteria addressed by quantitative polymerase chain reaction (qPCR), suggesting that core 3-derived O-glycans do not significantly impact on commensal numbers. However, loss of core 3-derived O-glycans leads to exacerbated inflammation after DSS treatment, characterized by increased recruitment of inflammatory cells including macrophages and T cells ). This was associated with more severe colonic mucosal destruction and increased overall morbidity and mortality .
Interestingly, in humans, a significant down-regulation of C3GnT has been reported in colon cancer patients (Iwai et al. 2005) . We also saw increased baseline proliferation of epithelium in the absence of C3GnT ). These observations suggested a role for loss of core 3-derived O-glycans in human cancer. Consistent with human studies, we found that core 3 O-glycan deficiency leads to increased size of colon tumors as well as greater levels of invasive carcinoma following azoxymethane-DSS treatment ). These studies link core 3-derived mucin-type O-glycans as key components that fortify the mucus barrier to prevent bacterial-induced inflammation and inflammation-associated cancer following intestinal injury.
It was recently demonstrated that despite the similar expression pattern of C3GnT in human and mouse, murine Muc2 is primarily made up of core 1-derived O-glycans with core 3-derived glycans making up an estimated 1% of the total Muc2 O-glycome in mice (Thomsson et al. 2012) . The relevance of these differences to human mucin barrier function and host-microbe homeostasis is currently unclear (Fu et al. 2011) . Loss of core 3-derived O-glycans in mice likely only minimally reduces total Muc2 O-glycosylation levels and probably explains why spontaneous disease does not develop in the absence of C3GnT alone. Still, Thomsson et al. (2012) have observed that core 3-derived O-glycan structures have unique properties compared with core 1-derived O-glycans, including elongated glycan chains and reduced sulfation levels. Thus, in mice, it is likely that core 3-derived structures have subtle but important effects on host-microbe mutualism at baseline as evidenced by increased bacterial translocation and altered Muc2 homeostasis in the absence of C3GnT . Interestingly, there is evidence that core 3-derived O-glycans were overrepresented in the intestinal tract of IEC C1galt1 −/− mice compared with WT mice (Fu et al. 2011) . This is supported by recent in vitro studies where siRNA-mediated suppression of C1GalT1 led to increased expression of core 3-derived O-glycans (as well as sialyl Tn antigen) in human colon cancer cell lines (Barrow et al. 2013 ). These results suggest that C3GnT activity increases in the absence of C1galt1, either to compensate for total O-glycan loss or as a consequence of reduced competition of C3GnT with C1GalT1 for the Tn antigen (Barrow et al. 2013) . In IEC C1galt1 −/− mice, these core 3-derived O-glycans are also abnormally highly sialylated on Gal and GlcNAc residues (Thomsson et al. 2012) . However, the role of these remaining core 3 structures in modifying the spontaneous disease in C1GalT1-deficient mice is still unknown. Our preliminary data using mice deficient in both core 1-and 3-derived O-glycans indicates a worsened disease compared with intestinal C1galt1 deficiency alone (K.S.B.B. and L.X., unpublished), suggesting a protective effect of core 3-derived O-glycans even when the major murine Muc2 O-glycans are lost.
Evidence for a protective role of mucin sulfation in colitis Sulfation is a common mucin-type O-glycan modification. The enzymes responsible for glycan sulfation belong to the Gal/ GalNAc/GlcNAc 6-O-sulfotransferase (GST) family, which are 6-O-sulfotransferases that transfer HSO 4 − from the universal sulfate donor 3′-phosphoadenosine 5′-phosphosulfate (PAPS) to C6 of Gal, GalNAc and GlcNAc, depending on the GST member (Brockhausen 2007; Brockhausen et al. 2009 ). In the large intestine, it was demonstrated that GlcNAc6ST-2 was the major GST family member responsible for sulfation of colonic Muc2 as there was a dramatic reduction in the histochemical staining of sulfomucins in colonic goblet cells in GlcNAc6ST-2 knockout mice (Tobisawa et al. 2010) . liquid chromatography electrospray ionization tandem mass spectrometry (LC/ESI-MS/MS). analysis revealed that sulfation occurred primarily on core 2 structures (Tobisawa et al. 2010) . Interestingly, the expression of GlcNAc6ST-2 was mediated by the short-chain fatty acid butyrate (Tobisawa et al. 2010 ), a metabolite derived from the digestion of fatty acids and glycans by the microbiota. However, this was only seen in the presence of epidermal growth factor, suggesting the cooperation of host-and microbial-derived factors in the regulation of O-glycan sulfation by this enzyme (Tobisawa et al. 2010 ). The physiological significance of mucin sulfation was addressed by DSS administration, where lack of GlcNAc6ST-2 led to increased infiltration of CD45 + inflammatory cells, including macrophages and neutrophils (Tobisawa et al. 2010 ). However, other disease parameters, including disease activity, histologic damage, bacterial translocation and mucus layer quality, unfortunately were not addressed (Tobisawa et al. 2010) . Another study used mice deficient in the sulfate transporter NaS1, which is involved in the maintenance of circulating levels of SO4 − (Dawson et al. 2009 ). NaS1 −/− mice have reduced sulfation of goblet cell mucin in the colon (Dawson et al. 2009 ). The physiological function of this defect was addressed also with the DSS-colitis model, which revealed elevated disease activity in the absence of NaS1 compared with WT mice (Dawson et al. 2009 ). While these studies clearly link sulfation with protection against KSB Bergstrom and L Xia gastrointestinal insult, the mechanisms by which sulfated mucin-type O-glycans specifically mediate their protection are still unclear. Interestingly, higher sulfomucin levels in human colonic tissues correlated with greater representation of specific genera of sulfate-reducing bacteria including Desulfobacter, Desulfobulbus and Desulfotomaculum, relative to the predominant Desulfovibrio genus (Croix et al. 2011 ). Thus, examination of how sulfation of mucin-type O-glycans, especially on Muc2, impacts on the microbial community, mucus quality and colonic disease susceptibility presents an important area of further research.
The role of mucin-type O-glycans in shaping the intestinal ecosystem
While the above studies clearly establish mucin-type O-glycans as key contributors to the intestinal mucus barrier and protection from insult, it is clear that many outstanding questions remain in regard to how O-glycans specifically interact with bacteria and promote protective responses. O-glycans have long been appreciated as important components of the intestinal ecosystem (Hooper and Gordon 2001; Sonnenburg et al. 2004) , but their precise influence on community structure and function is only beginning to be understood. To elucidate the specific influence of O-glycans on intestinal ecosystems is a daunting task due to the rapidly changing gut environment that results from diet and its effects on the microbiota (Turnbaugh et al. 2009; Wu et al. 2011) . However, studies of O-glycan-deficient mice suggest that mucin-type O-glycans are highly pleiotropic in their role in regulating interactions with the microbiota. As described below, evidence points to mucin-type O-glycosylation as having several distinct, but not mutually exclusive, roles in promoting homeostasis with our resident microbes.
The role of mucin type-O-glycans in stabilizing the mucus barrier
The distal colon has the thickest mucus layer and also harbors the greatest density of bacteria. The mucus layer is breached in mice lacking intestinal core 1-derived O-glycans (Fu et al. 2011) . This suggests that O-glycans impart structural stability to the mucus layer. This could occur by sterically blocking the MUC2 protein backbone from microbiota-derived proteases. The in vivo evidence for this has been only corollary; for example, the degree of loss of mucin-type O-glycans in mice seems to correlate with mucus barrier integrity and colitis susceptibility (core 1 > core 3 = core2/4 > WT). In vitro studies have suggested that glycosylated mucus is resistant to many proteases (Subramani et al. 2010) , and recently it was shown that ppGalNAc-T3-mediated O-glycosylation of a human MUC2 peptide was important to protect the peptide from proteolytic attack by a cysteine protease derived from Porphyromonas gingivalis (van der Post et al. 2013) . Alternatively, specific modifications of mucin-type O-glycans, including sulfation and sialation, are thought to directly inhibit bacterial glycosidase activity (Nieuw Amerongen et al. 1998 ). Both of these possibilities could explain the impaired mucus barrier in the absence of core 1 O-glycans, which are lacking in sulfated glycans normally found on core 2-branched structures (Tobisawa et al. 2010) . Furthermore, the intestinal microbiota collectively exhibit a plethora of adhesins and glycosidase activities (fucosidase, sialidase, sulfatase and GalNAcase) that can efficiently break down mucin-type O-glycans into their monosaccharide components (Hoskins et al. 1985; Corfield et al. 1992) . These structures can serve as decoys for bacterial adhesins that would otherwise bind to similar O-glycan structures of membrane-associated mucins. Therefore, a related function of O-glycans may be to function as decoy receptors to promote compartmentalization of bacteria into the lumen and prevent cell-associated glycan binding and degradation.
Mucin-type O-glycans and their regulation of microbial community composition While O-glycans most likely impart structural stability to the mucus layers of the distal colon, they are increasingly appreciated as important in shaping the composition of the microbial communities within the gut. This was recently demonstrated in mice lacking the β1,4-N-acetylgalactoseaminyltransferase 2 (B4galnt2), which catalyzes the addition of GalNAc to an α-2,3-linked sialic acid-substituted Gal residue via a β1 → 4 linkage to form the Sd[a]/Cad antigen (Staubach et al. 2012 ). B4galnt2-deficient mice have an altered bacterial community structure in their intestines, as determined by 16S rRNA gene pyrosequencing (Staubach et al. 2012) . While the Sd[a]/Cad antigen is found mainly in human colonic MUC2, most likely on core 3-derived O-glycans (Robbe et al. 2004 ), lack of B4galnt2 in mice had its greatest effect on community composition in the ileum (Staubach et al. 2012) . Interestingly, Helicobacter sp. were dramatically underrepresented in the B4galnt2-null mice, suggesting that Sd[a]/Cad epitopes are important determinants of pathogen colonization (Staubach et al. 2012) .
Human secretor status has also recently been linked to microbial community composition in the gut. Secretors represent individuals with a functional FUT2 gene, which encodes galactoside 2-alpha-L-fucosyltransferase 2 (FUT-2). FUT2 catalyzes the transfer of L-fucose via an α1,2 linkage to Gal residues on histo-blood group antigen precursors (e.g., type1 Galβ1-3GlcNAcβ1-R) on mucin-type O-glycans leading to expression of H-antigens in mucosal and salivary secretions including mucins (Ikehara et al. 2001) . These H-antigens can be further substituted by blood group A and B transferases to form the blood group A and B antigens and by Lewis transferase (α1-3,4 fucosyltransferase, FUT3) to produce Lewis determinants (e.g., Le b or Le y ). About 20% of Caucasians have homozygous null mutation (W143X) in FUT2 and therefore cannot synthesize ABH or Le (b or y) antigens in mucin-type O-glycans and are thus termed "non-secretors" (Ikehara et al. 2001 ). Nonsecretors possess a significantly distinct microbiota community composition compared with secretors (Rausch et al. 2011) . Among the most notable distinctions are an increased association of nonsecretors with the genus Prevotella (Rausch et al. 2011 ). This has implications for mucosal homeostasis, as some Prevotella sp. express a unique mucin-desulfating glycosidase that can hydrolyze terminal 6-SO3-GlcNAc residues on mucin-type O-glycans (Rho et al. 2005) , which could compromise mucus barrier integrity. There were also decreased associations of known health-promoting bacteria, such as members of the genera Lactobacillus (Rausch et al. 2011) and Bifidobacterium (Wacklin et al. 2011 ) compared with secretors. Interestingly,
O-glycans in intestinal function
FUT2 mutations have recently been associated with IBD (McGovern et al. 2010) . Since altered composition of the microbiota is thought to contribute to the pathogenesis of IBD (Manichanh et al. 2012) , these studies suggest that alterations in mucin-type O-glycans potentially link dysbiosis of the microbiota with the development of IBD. Consistent with this, members of the Lachnospiraceae family, which are also strongly associated with nonsecretor status (Rausch et al. 2011) , have been shown to promote inflammation in Crohn's Disease (CD) (Duck et al. 2007 ). Despite these findings, Fut2-deficient mice, a murine model of nonsecretor status, have not been reported to display spontaneous IBD to date (Iwamori and Domino 2004; Hurd et al. 2005; Magalhaes et al. 2009 ), although this may reflect the need for an additional genetic or environmental trigger. Lastly, humans expressing blood group B antigens exhibited greater diversity of Eubacterium and Clostridium species compared with individuals expressing nonblood group B antigens (Makivuokko et al. 2012 ). These results demonstrate that subtle distinctions in the structure of O-glycans can influence microbial species composition, which may impact on susceptibility to intestinal diseases.
The basis of O-glycan-mediated microbial selection is still unclear but probably involves binding of bacterial lectin-like adhesins to specific structures on mucin-type O-glycans. For example, Lactobacillus has been shown to bind specifically to blood group A and B epitopes on human colonic mucin via its surface-bound GAPDH (Kinoshita et al. 2008) , which may explain its association with healthy secretors (Rausch et al. 2011) . As described below for Escherichia coli, the O-glycans present in secreted mucins may also impact on the ability of some bacteria to thrive after they colonize (Chang et al. 2004) , suggesting a nutritional basis for selection. It is also possible that mucins may have direct antimicrobial activity. While this has only been demonstrated in the gastric mucosa so far with the discovery of an α1,4 GlcNAc capped core-2-derived O-glycan on MUC6 that can directly kill Helicobacter pylori (Kawakubo et al. 2004; Kobayashi et al. 2009 ), it is plausible that similar antimicrobial O-glycans can exist in the intestine.
The influence of mucin-type O-glycans on metabolic function of the microbiota The commensal microbiota provides many benefits to health including protection from pathogens (Kamada et al. 2012) and energy from the diet (O'Hara and Shanahan 2006). Mounting evidence is revealing mucin-type O-glycans as important contributors to this mutualism by impacting on the biology of microorganisms directly, which can influence which bacteria thrive and how they ultimately interact with the host tissues.
Bacteroides species are anaerobic gram-negative bacteria and dominant members of the mammalian microbiota (Ley et al. 2008) . Foundational studies from the lab of Jeffrey Gordon using the prominent gut symbiont Bacteroides thetaiotaomicron have provided key insights into the role of mucosal O-glycans in function of the microbiota. B. thetaiotaomicron harbors 88 different polysaccharide utilization loci (PUL) in its genome to degrade complex carbohydrates from diet-derived (e.g., plants, milk) or host-derived (e.g., mucin) glycans (Martens et al. 2008) . Mucin-type O-glycans can directly induce 16 of these PUL (Martens et al. 2009b ). Interestingly, the latter PUL encode genes that endow B. thetaiotaomicron with the ability to forage mucosal O-glycans for nutrients when glycans from dietary (e.g., plant) polysaccharides are low in abundance (Sonnenburg 2005) . Moreover, mucin-type O-glycans are important for fitness and transmission of these bacteria from mother to offspring (Martens et al. 2008) . Furthermore, B. thetaiotaomicron surveys the gut mucosal glycan landscape for L-fucose availability. If fucose abundance is low, B. thetaiotaomicron uses its FucR sensor to increase production of a soluble secreted factor that can induce the expression of Fut2 in IEC (Hooper et al. 1999; Meng et al. 2007 ). This leads to expression of α1,2 fucosylated glycans by IEC, which is then harvested by B. thetaiotaomicron for metabolic use (Hooper et al. 1999 ). Thus, mucin-type O-glycans are a critical resource utilized by this commensal to enable it to thrive when diet-derived glycans are compromised as well as to persist in mammalian populations. In turn, B. thetaiotaomicron can affect host responses in beneficial ways, such as stimulating angiogenesis to increase absorptive capacity of the intestine (Stappenbeck et al. 2002) , providing energy in the form of short-chain fatty acids (e.g., butyrate, propionate and acetate) elaborated as end-products of glycan fermentation (Comstock 2009 ) and promoting mucosal homeostasis by both limiting inflammatory tone of the epithelium (Kelly et al. 2004 ) and stimulating production of epithelial antimicrobials to potentially reduce overall bacterial load at mucosal surfaces (Hooper et al. 2003) .
Induction of binding and degradation of mucin-type O-glycans by B. thetaiotaomicron also helps to regulate genetic programs that assist in outer capsule synthesis (Martens et al. 2009a) . While the biologic function of this capsule synthesis in B. thetaiotaomicron is not clear, insights can be gained from a related symbiont Bacteroides fragilis. The Comstock laboratory has shown that B. fragilis, like B. thetaiotaomicron, has genetic machinery to degrade and utilize glycans, including mucin-type O-glycans, for capsular polysaccharide synthesis (Coyne et al. 2005; Comstock 2009 ) which are collectively required for optimal colonization and maintenance in the gut (Coyne et al. 2008; Liu et al. 2008) . Additional work by the Mazmanian and Kasper laboratories have shown numerous effects of one specific capsular polysaccharide, Polysaccharide A (PSA), on B. fragilis colonization, host immune development and protection from disease. Specifically, PSA can be sensed by TLR2 on CD4 + T cells, which can induce them to differentiate into immunosuppressive regulatory T-cells (T regs ) that secrete interleukin-10 (Round and Mazmanian 2010) . This in turn is critical for B. fragilis to colonize a unique niche in the colon and persist (Round et al. 2011) . Once colonized, B. fragilis can release PSA-bound outer membrane vesicles that are sensed by TLR2 on dendritic cells, which subsequently induce the differentiation of these anti-inflammatory T regs in the intestine (Shen et al. 2012) . These effects of PSA have been shown to have a profound role in ameliorating colitis severity in response to potentially colitogenic bacteria and chemical agents Round and Mazmanian 2010; Shen et al. 2012) . Although the relative contribution of dietary vs. host-derived (e.g., mucin) sources of glycans for utilization by B. fragilis is unclear, B. fragilis has recently been shown to colonize murine mucus in vivo and directly bind to purified soluble mucus (Huang et al. 2011) . While the authors of this study conclude that most B. fragilis was found KSB Bergstrom and L Xia in the lumen with smaller numbers in the mucus layer (Huang et al. 2011) , an alternative interpretation is that most B. fragilis was localized to the outer mucus layer which is abundant in soluble mucins, with few, remarkably, colonizing the normally impenetrable inner mucus layer. Importantly, the ability of B. fragilis to degrade porcine colonic mucin O-glycans in vitro was limited but was enough to support its growth in media when purified colonic mucin was used as the sole carbon source (Roberton and Stanley 1982) . Thus, mucin-type O-glycans contribute both directly or indirectly to robust colonization of the gut by B. fragilis and production of commensal-derived symbiotic molecules such as PSA.
Members of the Bifidobacteria genus, which are grampositive obligate anaerobes, have numerous health-promoting interactions with the host. Among these include regulating pathogen colonization (Fanning et al. 2012 ) and possibly reducing factors associated with colitis-associated cancer (Femia et al. 2002) . Mucin-type O-glycans play a key role in metabolism of this species and its establishment in the intestinal tract. For example, Bifidobacterium bifidum resides in the infant gut and has been shown to harbor a rich collection of glycoside hydrolases in its genome that allow it to degrade and metabolize glycans from human mucins (Turroni et al. 2010 (Turroni et al. , 2011 . One of these enzymes is endo-α-N-acetylgalatosaminidase, a novel glycoside hydrolase family member that can hydrolyze O-glycosidic linkages between GalNAc and Ser/Thr residues of core 1 structures (Fujita et al. 2005 ). In addition, B. bifidum possesses another unique glycoside hydrolase family member called afcA, which is a 1,2 α-L-fucosidase that releases terminal fucose from glycans by hydrolyzing α-(1-2) fucosidic linkages (Katayama et al. 2004) . Bifidobacterium sp. can grow in mucins, and the induction of these glycoside hydrolase genes can be induced by mucin binding (Ruas-Madiedo et al. 2008 ). Bifidobacterium bifidum also carries genes that can potentially degrade core 2, 3 and 4 structures (Turroni et al. 2011) . These studies collectively reveal the intimate relationship between mucin-type O-glycans and Bifidobacterium biology, with significant implications for overall health of the host.
Escherichia coli is the dominant facultative anaerobe of the mammalian intestinal tract (Chang et al. 2004 ). When exposed to murine cecal mucus, E. coli upregulates a spectrum of genes involved in phospholipid and amino acid biosynthesis as well as carbohydrate metabolism (Chang et al. 2004) . Interestingly, in a systematic analysis of the role of each of these genes in host colonization, it was shown that only defects in the carbohydrate utilization loci affected the ability of E. coli to colonize or persist in the murine intestine (Chang et al. 2004) . Importantly, E. coli displays a preference for specific O-glycan-derived monosaccharides at different stages of colonization. Genes involved in catabolism of GlcNAc were upregulated during the initiation (log) phase of colonization, and genes involved in fucose and sialic acid catabolism were required for the maintenance (stationary) phases (Chang et al. 2004 ). These results suggest that commensal E. coli depends on mucin-type O-glycans to fine-tune responses that assist in its colonization and establishment of the intestine. Moreover, utilization of these glycans may provide a nutritional basis for how these commensal species can outcompete pathogens (Leatham et al. 2009; Maltby et al. 2013 ).
Finally, the interaction of mucin-type O-glycans with some commensal species can influence the growth of other commensal species. In a recent study, Akkermansia muciniphila, a prominent mucin degrader found in the healthy colon (Derrien et al. 2008; Arumugam et al. 2011) , was able to degrade MUC2 O-glycans in vitro, whereas Bacteroides vulgatus was not (Png 2010) . When these two bacteria were cultured together in the presence of mature MUC2 as the sole carbon source, growth of B. vulgatus was enhanced almost four-fold (Png 2010) . Similar results were seen when B. vulgatus was co-cultured with two other mucolytic bacterial species, Ruminococcus torques and Ruminococcus gnavus (Png 2010) . Interestingly, A muciniphila was able to stimulate the growth of all species but itself did not benefit from mucus degradation, sometimes showing reduced growth, suggesting that mucosal O-glycans can mediate altruistic-like behavior of other bacterial species under specific conditions.
Mucin-type O-glycans as scaffolds to position host-derived nonmucin factors in the lumen While small intestinal mucus lacks an inner layer that separates commensal bacteria from the epithelium, the Hooper laboratory has demonstrated that commensal bacteria can induce the expression and secretion of RegIIIγ, an antimicrobial C-type lectin (Cash et al. 2006) , which can promote a bacteria-free zone adjacent to the epithelial surface (Vaishnava et al. 2011 ). This suggests a mechanism different from an impenetrable mucus layer to segregate luminal bacteria in the small intestine. Interestingly, isolated small intestinal mucus contained an abundant array of antimicrobial molecules derived from Paneth cells, which were adept at directly killing pathogenic and commensal bacteria (Meyer-Hoffert et al. 2008) , indicating that mucus can function as molecular scaffold for these antimicrobials. It is likely that mucin-type O-glycans are important in this carrier process; however, the degree to which this is true is not known. Similarly, secretory Immunoglobulin-A (SIgA) is important in regulating bacterial interactions in the intestinal tract (reviewed in Macpherson et al. 2012) . This is thought in part to be due to SIgA being localized to the mucus layer via secretory component to mediate its protective functions (Phalipon et al. 2002) . Therefore, mucin-type O-glycans are likely important for effective SIgA function. Proteomic analysis of the colonic mucus layers has similarly shown abundant proteins residing in the inner and outer mucus layers (Johansson et al. 2009 ). Many of these were postulated to be released from cells sloughed-off from the intestinal tissue during physiologic turnover, but over 40 were predicted to be secreted products, mainly host-derived residing in the mucus layer, including plasma and mucin-binding proteins (Johansson et al. 2009 ). Currently, the physiologic significance of these proteins or their positioning in the mucus is not known nor what maintains their localization in the mucus. However, it is likely that O-glycans are important in this overall process as they contribute to the gel-like trapping and rheological properties of mucus (Thornton et al. 2008) , and relatively few molecules have been demonstrated to covalently bind, or even have access to, the protein core of secreted Muc2 (Johansson et al. 2009 ). Moreover, the strong negative charge due to substitution of terminal epitopes with sialic acid or sulfate residues could lead to O-glycans in intestinal function noncovalent interactions with positively charged secreted proteins. The role of Muc2 O-glycosylation in assisting in function of nonmucin components of secreted mucus could be directly tested in vivo using O-glycan-deficient mice to assess the effect of Muc2 O-glycan loss on localization of target molecules such as IgA, RegIIIγ and other antimicrobial peptides in the lumen.
Conclusions and perspectives
Mucin-type O-glycans have long been considered to have critical roles in influencing host-microbe interactions at mucosal sites, especially the intestinal tract. However, only in the last decade did we begin to understand the nature and extent to which mucin-type O-glycans impact on homeostasis in the gut and their role in protection from intestinal diseases such as IBD. While the studies outlined in this review represent major steps forward in our current knowledge of the biological functions of mucin-type O-glycans, much of our mechanistic understanding of how O-glycans promote mucus barrier function and shaping microbial community composition is still speculative at best. Conversely, while much knowledge has been gathered with respect to how O-glycans are utilized by specific members of our gut (e.g., Bacteroides spp.), limited work has been done on most bacterial species that have been studied, so the field is wide open to understand how O-glycans impact on these species (e.g., A. muciniphila, Prevotella spp.). Although beyond the scope of this review, an additional layer of complexity is the modulation of glycosylation that can occur in various diseases including IBD or intestinal infections (reviewed in McGuckin et al. 2011) , which can likely have secondary effects on mucin function and host-microbe interactions. Ultimately, modulation of O-glycosylation status during chronic inflammatory diseases or by somatic or inherited mutation in genes impacting on O-glycosylation will likely have a profound impact on host-microbe mutualism in the gut. Therefore, the current challenge put before mucosal glycobiologists is to identify precisely how O-glycans influence interactions with the microbiota under physiologic and pathologic conditions. Only then can we interpret the meaning of specific glycosylation events associated with these conditions and intervene as necessary.
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